The southern mountainous taiga region of eastern Siberia is the runoff source area of the basins of the rivers Lena and Amur, where snowmelt discharge is an important hydrological process. To evaluate the effect of the sparse larch forest canopy on snow ablation and energy balance in the snowpack, meteorological conditions and snow ablation were observed in a larch forest (LF) and an open field (OP). At the beginning of snowmelt, the snow water equivalent was 54.4 and 95.5 mm at OP and LF, respectively. The snow disappeared at LF three days later than at OP. Sublimation accounted for about 8% of snow ablation at both sites from 1 April to 5 May 2002, the snowmelt period. The energy balance of the snowpack at the two sites was dominated by the net all-wave radiation onto the snow surface. The difference in snowmelt between the sites was primarily caused by a difference in the net all-wave radiation. Snow surface albedo correlated with snow surface density for densities from 150 to 350 kg m -3 at both sites.
INTRODUCTION
In a study of the runoff source area of the Lena River basin, Ma et al. (2000) showed that most of the river water comes from the southern mountainous taiga region of eastern Siberia and that the maximum discharge of the Lena River results from snowmelt. Hence, it is important to investigate snow ablation there.
This region is covered by forest consisting mainly of larch (Larix spp.) . Most studies on the effects of water and energy balance on snow ablation under a forest canopy (e.g. Hardy et al., 1997; Link & Marks, 1997; Pomeroy & Granger, 1997; Suzuki et al., 1999; Giesbrecht & Woo, 2000; Woo et al., 2000; Koivusalo & Kokkonen, 2002) have been carried out in North America, northern Europe and northern Japan. Although Siberia, which is located in northern Eurasia, has the largest permafrost area on Earth and seasonal snow cover, few studies on snow ablation in the Siberian region have been reported. In the southern mountainous taiga region of eastern Siberia, in particular, Vasilenko (2004) described the properties of the water and energy balance in an open field of the Mogot experimental watershed using a profile method with manually observed meteorological data. However, most of the land surface in eastern Siberia is covered by larch forest. Thus, it is necessary to evaluate the effect of the larch forest canopy on snow ablation. Suzuki et al. (1999) showed that the most important factor leading to a difference in snowmelt between open areas and dense larch forest is the difference in sensible heat flux in the cooltemperate climate of Japan, using a snowmelt model developed by Kondo & Yamazaki (1990) . However, unlike in cool-temperate Japan, the cold climate in eastern Siberia would also be expected to affect snow ablation.
Net all-wave radiation is the most important energy balance component of snow ablation at high latitudes. Suzuki & Ohta (2003) developed a simple forest snowmelt model to describe the effects of snow surface albedo on net all-wave radiation and snowmelt energy. They found that when the initial snow surface albedo is low (<0.6), snowmelt energy decreases as forest density increases. However, when the initial snow surface albedo is high (>0.6), only a slight decrease in snowmelt energy occurs as forest density increases, because net all-wave radiation increases with the increase in forest density. Sokolov & Vuglinsky (1997) reported that the snow surface albedo in the southern mountainous region of eastern Siberia is high. However, the precise way in which snow surface albedo affects net all-wave radiation in larch forest and open sites in eastern Siberia is not well understood.
The goals of this study were to describe the properties of the water and energy balances and their effect on snow ablation at an open and a forested site in the southern mountainous taiga of eastern Siberia. To accomplish these goals, an intensive field campaign was carried out. This project was undertaken collaboratively by the Frontier Observational Research System for Global Change (FORSGC) of Japan and the State Hydrological Institute (SHI) of Russia. Observed and simulated data on snowmelt, snow sublimation and energy balance obtained during spring 2002 are presented.
METHODOLOGY

Site description
The study area is located in the southern mountains of eastern Siberia (55°36′N, 124°53′E), approximately 60 km north of Tynda in the Amur region of Russia (Fig. 1) . The study area is in the Nelka River catchment, which is about 12 km long and 2.5 km wide, with a total area of approximately 30.8 km 2 . The slopes of the main valley face northeast and southwest, and the altitude of the surrounding ridges ranges from approximately 550 to 1150 m. The land surface is covered predominantly by larch forest (Larix cajanderi). The forest floor is covered by about a 10-cm thickness of true mosses (Aulacomnium turgidum, Cetraria cucullata) and lichen (Cladina arbuscula). Continuous permafrost, about 100-250 m thick, is present throughout the watershed. Annual mean air temperature is around -7.7°C, and annual precipitation is from 500 to 600 mm. Two sites in the bottom of the main valley, one in the forest (LF) and one in an open field (OP), were selected to observe meteorological conditions. Site LF is covered by a sparse larch forest, and site OP is grassland (during the snow cover period, all grass was covered by snow). The plant area index (PAI), estimated from photographs taken with a fisheye lens, was 0.4 at the LF site and 0.0 at the OP site. At the LF site, measurements were also taken of forest stand density and mean tree height, which were 4128 trees ha -1 and 4.3 m, respectively, and the crown projection area (Fig. 2) . Furthermore, an 18.6-m tower was installed at the LF site to measure meteorological elements above and within the forest canopy. In 2001, larch leaves (needles) emerged at the beginning of June and fell in the middle of September, so the larch branches were free of leaves during the spring study period. In order to observe spatial variability of the snow cover at the LF site, a 50 m × 50 m grid composed of 25 (10 m × 10 m) grid cells was established.
Measurements
Precipitation was measured with a Tretyakov gauge twice a day at 08:00 and 20:00 h local time. The snow survey and snow depth measurements were performed manually at each site. Field studies were also conducted to examine the water and energy balances during the period of snow ablation, from 1 April 2002 to 11 May 2002. Meteorological parameters, including air temperature, relative humidity, wind speed and direction, incident and reflected shortwave radiation, net all-wave radiation, air pressure, and surface temperature, were measured, for most variables every 10 min, by a data logger (CR-10X, Campbell and Datamark 3300, Hakusan) ( Table 1) .
To examine the spatial distribution of snow water equivalent below the larch forest canopy at the LF site, 16 snow sticks (1.5 m long with 1-cm gradations) were installed around the tower site (Fig. 2) at LF) no data were available for snow water equivalent for either site. At site OP, spatial variations in snow water equivalent were not measured, because at that site snow water equivalent was almost uniform spatially. Snow density, snow grain size and snow temperature for each layer were measured in a snow pit at each site. Total snow density was measured by taking two snow samples at each site, using a snow sampler (50 cm 2 × 50 cm). The snow disappearance dates for the two sites were determined from photographs of ground surface conditions and daily surface temperature. Note that the snow measurements (snow depth and snow density) were performed only three times during the snowmelt period and then only at LF.
Theory
Lundberg & Halldin (2001) showed that when the closure of a forest canopy is less than 0.1, the ratio of snow interception to total precipitation above the canopy is also less than 0.1. In this study, the larch forest canopy was very sparse, and the canopy closure as determined from fisheye-lens photographs was less than 0.1. Thus, it was assumed that the precipitation loss due to snow interception was negligible.
The energy balance at the snow surface is described by the formula:
where Q S (W m -2 ) is the energy of the entire snowpack; Q M (W m -2 ) is the snowmelt energy; Q C (W m -2 ) is the internal energy change within the snowpack (the energy for freezing liquid water or the change of snow temperature within the snowpack); R N (W m -2 ) is the net all-wave radiation beneath the forest canopy;
H is the sensible heat flux beneath the canopy; LE (W m -2 ) is the latent heat flux beneath the canopy; and G (W m -2 ) is the ground heat flux under the snowpack, which was measured by a heat flow plate. Net all-wave radiation under a forest canopy is:
where I N (W m -2 ) is the net shortwave radiation beneath the canopy; L N (W m -2 ) is the net longwave radiation beneath the canopy; α is the albedo on the snow surface, I↓
is the incident shortwave radiation beneath the canopy; I↑ (W m -2 ) is the reflected shortwave radiation beneath the canopy; L↓ (W m -2 ) is the downward longwave radiation beneath the canopy; L↑ (W m -2 ) is the upward longwave radiation from the snow surface; ε is the emissivity of the snowpack (≅ 0.97), σ is the Stefan-Boltzmann constant; and T S (K) is the snow surface temperature. Here, the downward longwave radiation was not measured, but estimated using equation (2) Sensible and latent heat fluxes beneath a larch forest canopy are described by the following equations, based on the bulk transfer method:
and
where c p (J kg -1 K -1 ) is the specific heat of air; ρ (kg m -3 ) is the air density; C H and C E are the bulk transfer coefficients for sensible and latent heat fluxes, respectively;
is the latent heat for sublimation; and T (K), U (m s -1 ), and q (kg kg -1 ) are air temperature, wind speed and specific humidity, respectively. The subscripts Z and S denote the reference height and the snow surface, respectively.
Verification of simulated snow ablation
Continuous snowmelt or energy balance fluxes were not observed at the OP or LF sites. Thus, the physically-based snow process model SNTHERM (Jordan, 1991) was applied to estimate the energy balance of the snowpack and snow ablation for the entire snowmelt period. The input variables were air temperature, water vapour, wind speed, incident shortwave radiation, downward longwave radiation, snow surface albedo and ground heat flux. Downward longwave radiation was estimated by equation (2) using the measured surface temperature (T S ). Furthermore, at the LF site, daily mean values were used for the snow surface albedo because hourly snow albedo measurements sometimes exceeded 1, owing to shade from the canopy. Zhang et al. (2004) estimated the bulk transfer coefficient for latent heat flux (C E ) at this study site from the relationship between the observed sublimation from the snow surface, measured by microlysimeter, and meteorological elements. In the SNTHERM model, the values reported by Zhang et al. (2004) were used for the bulk transfer coefficients for sensible and latent heat fluxes. The outputs of the SNTHERM model are snow temperature, snow density, snow grain size in each layer, and water and energy balances within the snowpack. To verify the simulated energy balance, simulated and observed daily snow surface temperature and net all-wave radiation were compared at sites OP and LF ( Table 2 ). The simulated results agreed well with the observed values, showing a clear linear relationship, for both parameters. Based on the RMSE of net all-wave radiation, the estimated error of downward longwave radiation was from 3 to 8 W m -2 , because the mean difference in observed and estimated snow surface temperatures was less than 1.0°C, a difference that should be negligible for the estimation of upward longwave radiation. Next, the temporal variations in simulated snow ablation were compared with observed snow ablation values at the OP and LF sites (Fig. 3) . Here, vertical bars denote the standard deviations of the spatial variations in snow ablation among the 16 snow gauges at LF, whereas snow ablation at OP was observed at a single point. The simulated snow disappearance date agreed well with the observed date. However, it should be noted that almost all of the snow observations were done when the snow water equivalents were constant. Thus, melt computations based on the modelling had to be used, with detailed meteorological data as input. The simulated results of snow ablation were used to compare water and energy balances at the OP and LF sites because it was not possible to observe the main snowmelt events.
RESULTS AND DISCUSSION
Characteristics of snow ablation at the open and larch forest sites
Figure 4(a)-(d) describes the temporal variations in daily hydrometeorological conditions at the LF and OP sites during the intensive field campaign. The differences in air temperature and relative humidity between the sites were insignificant, but incident shortwave radiation and wind speed from 1 April to 11 May 2002, when snow cover disappeared from LF, were significantly different. Here, the hydrometeorological conditions and energy balance are described separately for the "cold" days (days with no snowmelt) and for the "snowmelt" days (days when snowmelt occurred) at the two sites from 1 April to 5 May 2002 (Table 3) . On cold days, the mean air temperature was below freezing, and snow surface albedo was more than 0.7, at both sites. The mean incident shortwave radiation at LF was 68% of that at OP, and mean wind speed at LF was 58% of that at OP during both periods. During the snowmelt period, air temperature, water vapour pressure and incident shortwave radiation were higher than during the cold period. In contrast, snow surface albedo decreased at both sites during the snowmelt period, and the difference between the two sites became larger, because background albedo under the shallow snow depth at OP increased the reduction in snow surface albedo at that site. Even on snowmelt days, mean air temperature at both sites was close to 0°C. Table 4 summarizes snow ablation, snowmelt and sublimation at the OP and LF sites from 1 April to 5 May 2002, separately for the snowmelt and cold periods. Snowmelt was defined as meltwater discharged from the bottom of the snowpack. Thus, if surface meltwater did not reach the bottom of the snowpack, no snowmelt event was recognized. Sublimation, which was overall an important component of snow ablation, became a minor factor during snowmelt periods. In general, snow ablation at OP was greater than that at LF during both periods. Figure 5 shows the temporal variations in estimated snowmelt and sublimation at the OP and LF sites. The initial snow water equivalent was 54.4 mm at OP and 95.5 mm at LF; thus, the initial snow water equivalent at OP was only 57% of that at LF. The wind may have blown snow off the OP site, causing this difference. On the other hand, the snow disappeared at the OP and LF sites at almost the same time, In general, the daily snowmelt value tended to be greater at OP than at LF whenever snowmelt occurred at both sites. Snowmelt events occurred on 12 days at OP and 14 days at LF. The snow disappearance date was three days later at LF than at OP; this lag was caused by the differences in the initial snow water equivalent and the snowmelt rate at the two sites. Suzuki et al. (1999) snow ablation was caused mainly by sublimation at both sites. The overall contribution of sublimation to snow ablation was about 8% at each site. Thus, sublimation is an important component of snow ablation in this region, especially at open sites. In contrast, the contribution of sublimation to snow ablation in a larch forest in temperate Japan (Suzuki et al., 1999) over a period of 33 days was only 0.4% (Table 5) .
Energy balances at two sites
In the following, the components of the energy balances and their temporal variations at the two sites (Fig. 6 ) are studied. On cold days, ground heat fluxes at both sites were positive to the snowpack, and they varied diurnally at OP but not at LF. This result agrees with the findings of a previous study by Granger & Male (1978) . On the other hand, during the snowmelt days, there were large differences in ground heat fluxes between the two sites. It is assumed that the large ground heat fluxes into the soil increased the soil temperature and released the latent heat when meltwater refroze within the frozen surface soil, but no data on the refreezing of liquid snowmelt water in the frozen ground are available. Table 4 shows the mean energy balance components for the snowpacks at the OP and LF sites from 1 April to 5 May 2002, separately for the snowmelt and cold days. The main contributor to the energy balance at both sites was net all-wave radiation, especially during the snowmelt period, and temporal changes in net all-wave radiation corresponded to the temporal changes in snowmelt (Fig. 6) . The difference in snowmelt between the sites was apparently caused primarily by the large difference in net all-wave radiation between the sites. During most of the snowmelt period covered in this study, sensible heat flux was small compared to net all-wave radiation, because the mean daily air temperature was close to freezing. In contrast, during the cold days, the energy of the snowpack at LF was greater than that at OP, perhaps as a result of the high albedo and increased longwave radiation under the forest canopy, as described by Suzuki & Ohta (2003) . Therefore, the dominant energy for snow ablation was latent heat flux; and the difference in energy between the sites during the cold period was caused by the higher energy at the LF site during the cold period, which reflects the higher net all-wave radiation at that site during that period. Thus, the difference in snow ablation between the OP and LF sites was caused by the differences in latent heat flux between the two sites during the cold period.
Characteristics of the radiative balance at the open and larch forest sites
The results obtained in this study showed that the main energy source contributing to snow ablation was net all-wave radiation and that the difference in snow ablation between the sites was caused by the difference in the net all-wave radiation. Here, the daily variations in net all-wave radiation at the OP and LF sites are discussed in more detail. The variations in net all-wave radiation between the sites were determined from observed radiation data, excluding data from days when snow fell. The incident shortwave radiation at OP was linearly related to that at LF (Fig. 7) . However, the mean incident shortwave radiation at LF was 62% less than that at OP, suggesting that canopy shading was responsible for the reduction in shortwave radiation at LF, as shown by Suzuki et al. (1999) . However, the mean net all-wave radiation during the cold days at LF was greater than that at OP ( Table 3 ), indicating that emitted longwave radiation from the forest canopy caused the difference in net allwave radiation when the snow surface albedo was high.
Daily net longwave radiation values were compared between the OP and LF sites during 1-27 April 2002, when snow completely covered the watershed, and were found to be linearly related (Fig. 8) . Moreover, the slope of the regression line for netlongwave radiation was similar to that for downward longwave radiation between an open area and sparse larch forest with a similar PAI (Suzuki et al., 1999) , suggesting that the slope can be explained by the difference in downward longwave radiation. When net longwave radiation at the OP site increased, such as on cloudy days, the difference between the OP and LF sites became small. Even on sunny days, an increase in net longwave radiation at the OP site caused a reduction in the difference between net all-wave radiation at the OP and LF sites. This result implies that, during the cold period, the longwave radiation emitted from the larch canopy contributed to an increase in downward longwave radiation onto the snow surface at the LF site and caused the increase in net all-wave radiation compared with that at the OP site. However, because longwave radiation was not measured, the role of emitted downward longwave radiation from the forest canopy could not be confirmed. Snow surface albedo was strongly correlated with snow surface density for densities between 150 and 350 kg m -3 at the LF and OP sites (Fig. 9) ; thus, snow surface density was one of the most important factors determining snow surface albedo. Note that the slopes of the regression lines for the LF and OP sites are similar, but the intercept value for OP is higher than that for LF. Melloh et al. (2001) showed that litter on the snow surface in a forest reduces snow surface albedo compared to that in an open field. It is possible that the smaller intercept value for LF resulted from the presence of litter on the snow surface at that site. Kojima (1979) described the relationship between snow surface albedo and snow surface density under various snow conditions in Sapporo, Hokkaido, Japan. Ohta (1994) , using all of the data collected by Kojima (1979) , calculated a linear equation representing the relationship between snow surface albedo and snow surface density (Fig. 9) . The intercept of the equation reported by Ohta (1994) is lower than those of the regression lines at the two sites of this study, but the slope reported by Ohta (1994) is almost the same as those of this study. The lower intercept can be explained as an effect of soot or other contaminants within the snow, because Sapporo is in an urban zone. Warren (1982) suggested that snow surface density might depend on grain size, since density normally increases as grain size increases. Nakamura et al. (2001) showed that the snow grain size within the upper 3 cm of a snow layer is important for determining surface snow albedo. However, it is difficult to observe snow grain size with high resolution in the field. The liquid water content within a snow layer is also important in relation to snow density, but because liquid water content within a snowpack causes an increase in the snow grain size and snow density, it is difficult to isolate the effect of liquid water content. The liquid water content within the snow layer was not measured in this study, so its effect could not be evaluated. Further research will focus on the influence of litter coverage, snow grain size and liquid water content within the snow surface layer on snow surface albedo.
Potential problems with the forcing data
First, point radiation data were used to evaluate the energy balance in the snowpack below the larch canopy. However, point measurements of radiation at forested sites sometimes introduce error into water and energy balances determined using such measurements. Giesbrecht & Woo (2000) showed that downward radiation and snow ablation varied greatly in a subarctic spruce woodland. The one-point radiation measurement results of the present study would thus contain errors in the downward radiation values, but not enough data were obtained to determine the magnitude of this problem. This will be investigated in future research.
Second, a heat flux plate was used under the snowpack to measure ground heat flux so that the SNTHERM model could be used to estimate snow processes. As snowmelt proceeded, the snow depth decreased significantly; thus, transmittance of solar radiation through the shallow snowpack and the surrounding patchy snow cover would affect the measurement of ground heat flux. Future studies should focus on how ground heat flux from or to the frozen ground affects snowmelt and sublimation.
CONCLUSIONS
Hydrometeorological conditions were measured in the southern mountainous taiga region of eastern Siberia during spring 2002. Energy balances in the snowpack were estimated in an open field (OP) and at a forested site (LF) using a physically-based snow process model. The properties of snow ablation and energy balances within the snowpack were determined at the two sites as follows: 1. The snow water equivalent at the beginning of the study period was 54.4 mm at OP and 95.5 mm at LF. At the end of the snow ablation period, snow disappeared at OP three days earlier than at LF. 2. The contribution of sublimation to snow ablation at the OP and LF sites from 1 April to 5 May 2002 was about 8%. Therefore, sublimation is important for understanding snow ablation in this region during the snowmelt period. 3. The energy balance of snowmelt at the OP and LF sites was dominated by net allwave radiation onto the snow surface. Most of the difference in snow ablation between the two sites was caused by the difference in net all-wave radiation. 4. Snow surface albedo correlated with snow surface density for densities from 150 to 350 kg m -3 at both sites. The intercept of the regression line for the OP site was greater than that for the LF site. It was assumed that the litter coverage on snow surface at LF affected the difference in interception. Further research will focus on the parameterization of snow surface albedo and the emitted downward longwave radiation from the forest canopy. In addition, the spatial variability of incident radiation should be addressed in future studies to evaluate representative radiation values beneath a canopy.
